Two bifunctional reagents designed to probe the active site of pepsin and other acid proteinases are described. One of these, the bisdiazoketone 1,1-bis-(diazoacetyl)-2-phenylethane inactivates pepsin at pH 5.0 much more rapidly than the corresponding monodiazoketone 1-diazoacetyl-2-phenylethane, whereas the other, the bromodiazoketone dl-l-diazoacetyl-l-bromo-2-phenylethane is less effective in this regard. The inactivation is greatly accelerated by the presence of Cu(II), and the pH dependence of the process is consistent with the interaction of the enzyme with the metal complex of the carbene derived from the reagent. The bisdiazoketone appears to react stoichiometrically with pepsin in a 1:1 ratio to form a product whose apparent molecular size is the same as that of untreated pepsin. The inactivation of pepsin by the bromodiazoketone is accompanied by the release of stoichiometric amounts of bromide ions and the formation of a major product whose apparent size is similar to that of pepsin, and a minor component larger than the untreated enzyme.
The available evidence regarding the catalytic properties of porcine pepsin A suggests that there are at least two catalytically-important carboxyl groups at the active site [for references, see Fruton (1) ]. One of these groups has been identified as belonging to an aspartyl residue (2) , through the use of '4C-labeled diazoacetyl-iphenylalanine ethyl ester as an active-site-directed inhibitor. An almost identical sequence around an active-site aspartyl residue has been found in the acid proteinase penicillopepsin (3) , by means of labeled diazoacetylnorleucine methyl ester. The problem of the presumed second carboxyl group at the active site is still unsolved, however, and chemical modification studies have suggested the possible presence of a catalyticallyimportant tyrosyl residue at the active site. Moreover, the participation of other amino-acid residues (e.g., tryptophyl) has not been excluded. It seemed desirable, therefore, to examine the action of bifunctional inhibitors of pepsin in the hope of throwing light on these questions. Although the use of monofunctional inhibitors, designed to react with a single amino-acid residue at the active site, has been notably successful for many enzymes [for references, see Shaw (4)1, greater difficulty has been encountered with bifunctional reagents (5, 6) . Among the exceptions is the use of 1,3-dibromoacetone to crosslink the catalytic residues (cysteine and histidine) at the active sites of papain, ficin, and bromelin, (7, 8) . In the case of papain, the results of chemical modification have been confirmed by x-ray crystallography (9 In the present communication, we describe two bifunctional reagents designed to crosslink reactive amino-acid residues at the active site of pepsin and of related acid proteinases. They are diazoketones analogous to the monofunctional reagents found to be stoichiometric inhibitors of pepsin (10) and are derivatives of the monodiazoketone (I) found by Fry et al. (11) to react specifically with the aspartyl residue identified by Bayliss et al. (2) . The new reagents described here are 1,1-bis(diazoacetyl)-2-phenylethane (II) and dl-1-diazoacetyl-1-bromo-2-phenylethane (III). The rationale of their design was to provide a benzyl group for hydrophobic interaction at the active site of pepsin, a diazoketone function to react stoichiometrically with the jl-carboxyl group of the known reactive aspartyl residue, and a function that might be expected to react with a suitably-positioned nearby electrophilic group (reagent II) or nucleophilic group (reagent III) in the enzyme. In what follows, reagents I, II, and III will be referred to as the monodiazoketone, bisdiazoketone, and the bromodiazoketone, respectively. Br COCHN2   CH   (H   CH   CH2  CH.2   CH2   I  II  III   MATERIALS AND METHODS 1-Diazoacetyl-2-phenylethane (reagent I) was prepared in the manner described by Birkhofer (12) , and purified by thin layer chromatography (silica gel, benzene). 1,1-Bis(diazoacetyl)-2-phenylethane (reagent II) was prepared in the following manner. Benzylmalonic acid (mp 118-1200C, 1.94 g) and oxalyl chloride (4 ml) were stirred at 250C for 30 min and then heated under reflux for 2 hr. After removal of the unreacted oxalyl chloride under reduced pressure, the residual oily acid chloride was dissolved in dry ether (10 ml) and added slowly at 0WC to an ethereal solution (60 ml) of diazomethane (1.7 g). The resulting crystals were collected and recrystallized from CC14; yield, 1 (1 ml) was added, and the NaCl was removed by filtration. The product obtained from the ethereal solution was treated with hot KOH in the usual manner, followed by acidification with HCU, to give labeled benzylmalonic acid. After being mixed with unlabeled material (150 mg, 0.77 mmol), the product was recrystallized from toluene (5 ml); yield, 160 mg. This material (58.3 mg, 0.3 mmol) was treated with oxalyl chloride (0.122 ml, 1.44 mmol) in benzene (0.4 ml), and the resulting acid chloride was treated with diazomethane (0.05 g) in ether (2 ml). The labeled bisdiazoketone was purified by chromatography on a silica gel plate (20 X 20 cm, 1 mm thick) with CH(l,. The purified material was chromatographically identical with the authentic unlabeled compound, and its specific radioactivity was 183 /Ci/mmol. the labeled product with oxalyl chloride, followed by diazomethane, in the manner described above, gave the labeled bromodiazoketone; its specific radioactivity was 183 /ACi/mol.
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In the study of the inhibition of pepsin activity by the diazoketones, the reaction mixtures (2.5 ml) contained, unless otherwise stated, pepsin (Worthington M693-7 or PM7C8; 0.028 gmol), sodium acetate buffer (8 mM) of the desired pH, CuS04, and the inhibitor (added in 0.25 ml of ethanol). The solution was stirred at 300C, and 0.1-ml samples were withdrawn at desired time intervals for the determination of pepsin activity, with denatured hemoglobin as the substrate (14, 15) . Under the conditions of this assay, the pepsin preparations used were found to have 2550 hemoglobin units/mg of protein; the data on the inhibition by diazoketones are reported as percent of the activity of a control solution kept under the same conditions as in the inhibition experiment, except for the omission of the diazoketone.
The release of bromide ion during the action of the bromodiazoketone was followed by means of a specific bromide-ion electrode (Beckman Instruments Co.), in conjunction with a Beckman Expandometric pH meter. The apparent molecular size of pepsin and the inhibited pepsin were compared by passage through a Sephadex G-75 column (35 X 1.3 cm) and elution with 0.05 M sodium acetate buffer (pH 5.0).
To determine the extent of incorporation of the labeled bisdiazoketone into pepsin, pepsin (350 mg) was treated with the reagent (7.16 mg in 2 ml of ethanol) in the presence of 8 mM sodium acetate and 1 mM CUS04 (total volume 50 ml). The solution was stirred at 300C, and enzyme assays showed that at 60 min less than 4% of the original activity was left. The excess inhibitor was removed on a column of Sephadex G-25 (fine, 40 X 4.5 cm) with water as the eluant. The protein-containing fractions were pooled, and the radioactivity of a sample was determined by means of a Packard Tri-Carb Scintillation counter. With the labeled bromodiazoketone, pepsin (105 mg) was treated with the reagent (12 mg in 10 ml of ethanol) in the same manner as described above.
To calculate the extent of incorporation per mole of pepsin, the protein concentration was determined spectrophotometrically at 280 nm (specific absorbance E = 1.47) on the assumption that the specific absorbance of the inhibited pepsin is the same as that of the untreated enzyme. For the determination of the amino-acid composition of inhibited pepsin, the inhibition experiments were conducted with enzyme preparations purified according to Rajagopalan et al. (16 
RESULTS
It has been reported that the inactivation of pepsin by diazo compounds is accelerated by the presence of cupric salts (10, 17) ; this finding has been confirmed by other investigators, and has been the subject of a careful study by Lundblad and Stein (18) . In the present work, the effect of CuS04 on the action of the monodiazoketone (I), bisdiazoketone (II), and bromodiazoketone (III) was determined at pH 5.0. It will be seen from Fig. 1 that for comparable concentrations of pepsin, CuSO4, and reagents I or II, the bisdiazoketone inactivates the enzyme much more rapidly than the monodiazoketone. With the bromodiazoketone, much higher concentrations of the reagent and of copper were required to achieve a rate of inhibition comparable to that found with the monodiazoketone. In Table 1 , a comparison is made between the effectiveness of CuS04 in the action of the monodiazoketone and the bisdiazoketone. It ,will be seen that, whereas with the bisdiazoketone the effect of increasing copper ions tends to level off at about 0.1 mM CuSO4, the action of the monodiazoketone is accelerated greatly by increasing concentrations of CuSO4, up to 0.4 mM (the highest tested). As for the bromodiazoketone, under the conditions shown in Fig. 1 , a decrease in the concentration of CuS04 from 1.6 to 0.8 mM increased the time for 50% inhibition from 7.5 to 16 min. It should be added that under the conditions of these studies no measurable inhibition of pepsin by any of the reagents was observed in the absence of added CuS04, when precautions were taken to exclude metal ions. In preliminary experiments, some inhibition was observed with the bisdiazoketone without the addition of CuSO4, but this inhibition was abolished by 0.1 mM diphenylthiocarbazone. Ong and Perlmann (19) reported that the diazoketone benzyloxycarbonyl--phenylalanyldiazomethane inhibited pepsin in the absence of added copper ions, but they did not indicate the effect of a metal chelating agent on such inhibition.
Over the pH range 4-5.5, the inhibitory action of all three reagents is increased with increasing pH (Table 2 ). It will be evident that at the lower pH values, the acid-catalyzed decomposition of the diazoketones (20) the enzyme is indicated by the partial protection given by a sensitive peptide substrate. With the addition of 0.4 mM benzyloxycarbonyl-i>histidyl-L -phenylalanyl -L -phenylalanine ethyl ester (21) , under the conditions of the experiment in Fig. 1 , the rate of inactivation of the enzyme was markedly reduced. For the bisdiazoketone, the time required for 50% inhibition was increased from 1.4 to 11 min; thus, whereas pepsin was inhibited 96% in 3.5 min in the absence of the peptide, there was only 5% inhibition in the presence of the peptide. The other two reagents only inhibited the enzyme to about 25% in 30 min, by which time most of the synthetic substrate had been hydrolyzed.
In order to determine whether the inactivation of pepsin by the bromodiazoketone was accompanied by an enzymedependent production of bromide ions, the rate of release of Br-was measured by means of a specific-ion electrode. It will be seen from Fig. 2 that pepsin has no effect on the rate of Br-release in the absence of copper ions, and that CuS04 accelerates somewhat the decomposition of the bromodiazoketone in the absence of pepsin. It may be noted that the latter effect appears to involve the participation of the diazoketone part of the reagent, since at 30'C and pH 5 phenacyl bromide (0.228 mM) releases Br-at the same slow rate (about 1 AM/hr) in the presence of 1.6 mM CuSO4 as in its absence. As will be seen in Fig. 2 , in the presence of both pepsin and CuS04, there is a rapid release of bromide ions; at 60 min, when the inactivation of the enzyme was complete, 0.8 equivalent of Br-was released per mol of pepsin (after correction for the release in the absence of pepsin).
The stoichiometry of the reaction of pepsin with the bisdiazoketone and the bromodiazoketone was determined by allowing the enzyme to react with "4C-labeled reagent. It was found that, upon complete inhibition by the bisdiazoketone, 0.83 mol of the labeled reagent had been incorporated per mol of protein. In the case of the experiment with the labeled bromodiazoketone, the enzyme had been inhibited 64%, and 0.54 mol of reagent were found to have been incorporated per mole of protein.
To examine the extent to which the reaction of the two bifunctional reagents with pepsin had caused a dimerization of the protein, the inhibited enzyme was passed through a Proc. Nat. Acad. Sci. USA (1971) . 
DISCUSSION
Comparison of the rate of inactivation of pepsin by the bisdiazoketone with those reported for other inhibitors indicates that this reagent is the most effective pepsin inhibitor hitherto described. At pH 5.0, it appears to react with enzyme stoichiometrically at the active site in a 1: 1 ratio, and gel-filtration studies give evidence of only slight intermolecular reaction. Although the possibility that the second diazoketone function had reacted with water is not excluded, the pH dependence of the inhibition suggests that intramolecular crosslinking had occurred. A possible explanation of the enhanced rate of pepsin activation at higher pH values is that the carbene-copper complex, formed from the inhibitor and Cu(II), binds to the active site before reaction. This binding may be facilitated by carboxylate groups of pepsin (18) . It would appear that the bisdiazoketone may be a useful reagent for crosslinking active-site groups in pepsin and other acid proteinases.
The fact that only about 50% of the "4C-labeled inhibitor is released rapidly at pH 9.1 is-noteworthy. It may be expected that one of the reactive groups of the bisdiazoketone reacts rapidly with the active-site carboxyl residue, and that the other reactive group either is hydrolyzed by water or participates in a crosslinking reaction with a nearby electrophilic group. The modified pepsin in which the second diazoketone function has reacted with water or a protein carboxyl may be expected to release the label rapidly at alkaline pH values.
Further work may clarify the behavior of the bisdiazoketonemodified pepsin, and also indicate the value of the bromodiazoketone as a probe for the active site of pepsin.
